A novel sensor based on a single fiber Bragg grating is described. The sensor is configured by encapsulating half of a fiber Bragg grating in a polymer filled metal cylinder and fixing the other half to the metal cylinder. The results show that this sensor is able to measure pressure and temperature simultaneously. Using a novel tactic to transfer the applied pressure to the axial extended-strain on the fiber Bragg grating, the pressure sensitivity reaches 9.65×10 −3 MPa −1 , which is about 4700 times larger than that of the bare fiber Bragg grating. The accuracy of the pressure measuring can also be improved through introducing a fixed Bragg wavelength as a reference.
Introduction
Fiber Bragg grating (FBG) has been extensively used in fiber sensor applications owing to its compactness in structures, simplicity in fabrications and wavelength coding in measurements. However, in temperature and pressure sensor applications, it is difficult to distinguish between the temperature and the pressure effects, as FBG is sensitive to both. A number of techniques have been proposed to overcome this problem, such as the dual-wavelength superimposed gratings [1] , hybrid Bragg grating/long-period grating [2], dual-diameter FBG's [3] , FBG superimposed with polarization-rocking filter [4] , FBG combined with EDFA [5] , superstructure FBG [6] , and Fabry-Perot cavity method [7] , etc. These methods may distinguish the cross-sensitivity effect between strain and temperature; however, most of them need either two FBGs or specific gratings or special technique. It is highly desirable to utilize a single FBG to achieve discrimination between strain and temperature.
In practical use, the sensitivity is a necessary specification for the fiber grating sensors. For the bare FBG, the pressure and the temperature sensitivity are as low as 2.02×10 −6 MPa −1 [8] and 6.72×10 −6• C −1 [9] , respectively. Several approaches have been proposed to enhance the sensitivity of FBG, such as using a glass-bubble house for FBG [9] , coating the FBG with polymers [10] , thinning the FBG [11] , and encapsulating the FBG in polymers [12] . It is reported that encapsulating the FBG in polymers is an effective way to enhance the FBG sensitivity, both to the pressure and to the temperature. This paper describes a novel fiber sensor based on a single FBG that can measure pressure and temperature simultaneously. In addition, coating the FBG with a thick polymer, together with a novel tactic to transfer the applied pressure to the axial extended-strain on the FBG, the pressure sensitivity is greatly enhanced.
Principle and Sensor Structure
The sensor is based on one FBG, as shown in Fig. 1 . Half of the FBG (named RHFBG) is encapsulated in a polymer filled metal cylinder, the end of which is bound to the center of a round plate attached to the polymer surface. Another half of the FBG (named LHFBG) goes through the hole, with both ends glued on the cylinder. At the polymer part, the cylinder has two openings on the opposite side of the wall, which can be pressurized mainly along one radial direction, and responds to an axial force acting on the round plate, creating an axial extended-strain on the FBG. Since the two ends of the left half of the FBG are fixed, this part of the FBG will not respond to the axial strain and thus only the right half of the FBG is sensitive to the applied pressure. For the RHFBG coated with a thick polymer, as polymer has a small Young's modulus, the pressure sensitivity is significantly increased.
When the temperature varies, the thermal expansion of the polymer will add another thermal effect on the RHFBG, thus the LHFBG and RHFBG respond to the thermal effect differently. As a result, in practice, when both pressure and temperature change, the Bragg wavelength of the origin bare FBG will split into two Bragg wavelengths, which shift accordingly.
The relationship between the shift of the Bragg wavelength of FBG and the applied pressure and temperature is [13] , where, k P is the pressure sensitivity and k T is the temperature sensitivity. For the sensor designed here, by measuring the Bragg wavelength shifts of both LHFBG and RHFBG, the pressure and temperature can be determined simultaneously by
where, the subscripts L and R refer to the parameters of LHFBG and RHFBG, respectively. k P R , k T L , k T R can be determined experimentally by measuring separately the shift of Bragg wavelength with the pressure and temperature.
Experiment
The structure of the sensor is shown schematically in Fig. 1 . Two holes were firstly drilled opposite to one another on the sidewall of a metal cylinder. The center of a round plate was fixed to the end of an FBG, which was placed in the center of the metal cylinder from the open side and fixed at the two openings of the small hole with an adhesive resin. After that, molten polymer was poured into the cylinder from the open side, and solidified inside the cylinder with the round plate of the FBG attached to its surface, and then the cylinder opening was sealed. The cylinder area had an inner diameter of 11 mm, inner length of 20 mm, a wall of 2 mm in thickness, and two sidewall holes, each with a diameter of 11 mm. The axial depth of the small hole of the metal cage was 12 mm. The metal round plate had a diameter of 10 mm and a thickness of 0.5 mm. The FBG, formed on single-mode fiber (Corning SMF28) under 248 nm KrF laser exposure through a phase mask method had a length of 25 mm. The polymer used was a type of silicon rubber.
The sensor was placed in a self-assembled pressure chamber where the pressure was measured with a precision pressure gauge. The temperature of the FBG was controlled with an oven. The shift of the Bragg wavelength corresponding to the variation in pressure and temperature was monitored with an optical spectrum analyzer. Fig. 2 shows the optical spectra of pressure measurements at 0 MPa, 0.16 MPa and 0.24 MPa, respectively. The original one Bragg wavelength splitted into two Bragg peaks. One wavelength fixed, which corresponds to LHFBG. The other one, corresponding to RHFBG, shifted according to the applied pressure. It should be pointed out that, at 0 MPa, the Bragg wavelength of the RHFBG should have overlapped with that of the LHFBG, their detachment can be ascribed to the encapsulation technique and should be improved later.
Results and Discussion
The measured Bragg wavelength of the RHFBG as a function of the applied pressure is shown in Fig. 3 , which displays very good linearity between the Bragg wavelength and the pressure. The shift of the Bragg wavelength in response to the applied pressure is 14.92 nm/MPa, corresponding to a pressure sensitivity of 9.65×10 −3 MPa −1 . This pressure sensitivity is approximately 4770 times larger than that measured with a bare FBG, 2.02×10 −6 MPa −1 [8] . Fig. 4 shows the optical spectra of the sensor under the temperatures of 20
• C, 28
• C, 36
• C and 44
• C, respectively. The two Bragg wavelengths shifted to long wavelength differently as the temperature increases. When the temperature exceeded 44
• C, small peaks appeared at the second Bragg wavelength part, which When the pressure and temperature sensitivities are obtained, the sensor can be used to determine the pressure and temperature simultaneously by measuring the shifts of the two Bragg wavelengths according to Eq. 2.
In case that the sensor is utilized to measure pressure only, the possible fluctuation of the environmental temperature will not sacrifice significantly the precision of the measured pressure. In addition, the almost fixed Bragg wavelength of the LHFBG can serve as a reference, which minimizes the experimental error induced by the optical spectrum analyzer or other measuring system and hence improves the accuracy.
Conclusion
Based on a single fiber Bragg grating, a novel sensor capable of measuring simultaneously pressure and temperature was developed. An especially high sensitivity and accuracy for pressure measuring have been achieved due to the novel structure.
